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10 ABSTRACT 
11 An experimental program of T-beams strengthened in shear by CFRP sheets has been developed 
12 with two longitudinal reinforcement ratios and different externally bonded CFRP shear strengthening 
13 amounts in a discontinuous or continuous U-shaped configuration with and without mechanical 
14 anchorages. The effectiveness of the external reinforcement without anchorages was low regardless the 
15 CFRP reinforcement ratio. There is an evidence of the interaction of the different shear strength 
16 components, concrete Vc, transverse steel Vs, CFRP sheets Vf  that have been obtained from the registered 
17 data of the instrumentation. This interaction might explain that the ultimate shear force of some CFRP-
18 strengthened beams was lower than the one of the control beam. There is a significant difference between 
19 the sum of the Vc, Vs,and Vf  components and the total shear force. This difference is assumed to be 
20 carried out by the flange (including its internal transverse reinforcement), which represents a significant 
21 percentage of the total shear strength (with a mean value of 38%). Finally, the contribution of the CFRP 
22 has been obtained by different existing guidelines and has been compared to the experimental values.
23
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26 1. INTRODUCTION
27 Due to their low stiffness-to-weight and strength-to-weight ratios, as well as due to its low 
28 corrosion susceptibility, externally bonded (EB) fibre reinforced polymer (FRP) have become an 
29 alternative to other traditional strengthening techniques. In the last years, real applications of this 
30 technique have increased, becoming consolidated in the market. 
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31 The prediction of the shear resistance of RC beams is still a big challenge in structural 
32 engineering domain, and in particular when FRP materials are used as shear strengthening [1]. There is 
33 not still a consensus on the evaluation of the shear strength contribution of the EB FRP reinforcement to 
34 the total shear strength. This is mainly due to the complexity of the shear phenomenon, and due to the 
35 definition of the FRP level of stresses. This definition is not clear, on one hand because FRP does not 
36 yield due to its linear elastic-brittle behaviour and on the other hand, due to the uncertainties in the 
37 prediction of the premature debonding of the external reinforcement for some configurations (U-shaped 
38 and side-bonded) once the critical shear crack opens and widens. For the fully wrapped configuration, a 
39 fibre rupture often occurs at the bottom corner of the section. The evaluation of this type of failure is 
40 generally based on tests of FRP-confined rectangular columns.
41 According to [2–8], the ultimate shear strength of beams externally strengthened in shear by FRP 
42 laminates can be obtained as the sum of the contribution of the different components: concrete, transverse 
43 steel and FRP external reinforcement. However, the interaction between all aforementioned components 
44 in not clear enough. The presence of the FRP could influence the effective stress in the internal steel 
45 reinforcement due to possible changes in the strut orientation or additional cracking that may change the 
46 relative contribution of each individual contribution to the resulting shear strength. Bousselham and 
47 Chaallal in [9] concluded that the contribution of concrete remains more or less unchanged after the 
48 formation of diagonal cracking for small and medium size beams and FRP has a significant influence on 
49 the actual contribution of the transverse steel. In the case of beams with transverse stirrups, the transverse 
50 steel contribution is higher than that of FRP, due to better bonding at the stirrup-concrete interface. 
51 According to Pellegrino and Modena [10], Deniaud and Cheng [11], Monti and Liotta [7], and Ali et al. 
52 [12], the interaction between transverse steel and FRP is important, since the system is not always ductile 
53 enough to allow that the maximum contribution of each material, FRP (Vf) and transverse steel (Vs), 
54 occurs at the same instant. 
55 In the existing literature, there are several existing experimental programs on shear strengthened 
56 beams [7,8,13–16], and in particular with T-beams strengthened with U-shaped or wrapped 
57 configurations, with or without transverse reinforcement [17–22]. Recently, shear tests have been 
58 performed with textile reinforced mortar as shear external reinforcement [23–25]. Despite results are 
59 analysed in detail in all of them, the contributions of each component to the shear strength are not clearly 
60 identified.
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61 This paper presents an experimental program on beams externally strengthened in shear by 
62 CFRP sheets in a U-shaped configuration without and with anchorage devices. The contribution of the 
63 different components to the shear strength (Vc, Vs, Vf) has been quantified through the data registered by 
64 the instrumentation. The contribution of the flange to the shear strength has also been quantified as the 
65 difference between the total shear force and the sum of the previous mentioned components. The 
66 quantification of the different contributions is the basis for the future development of a realistic 
67 formulation to evaluate the shear strength, accounting for the interaction between all them. 
68
69 2. EXPERIMENTAL PROGRAM
70 An experimental program was developed in the Laboratory of Technology of Structures and 
71 Materials of the Universitat Politècnica de Catalunya (UPC) with the aim to study the performance of 
72 beams strengthened in shear with CFRP sheets with different configurations, and to quantify the 
73 contribution of each material (concrete, internal steel and CFRP sheets) to the shear strength of EB FRP 
74 reinforced beams [26]. The tested beams have a T-shaped cross-section to simulate a real slab. Two 
75 different amounts of longitudinal internal reinforcement as well as different CFRP reinforcement ratios 
76 were employed to study the influence of both parameters.
77 2.1. Geometry of specimens
78 The experimental program consisted of 10 full-scale RC beams with a T-shaped cross-section. 
79 Beams were 5,800 mm long with flange and web cross sections of 600 x 150 mm and 200 x 400 mm, 
80 respectively. This program comprised two sets of beams (M and H), with different bottom longitudinal 
81 internal steel reinforcement, consisting of two layers of 416 for beams M and two layers of 216 and 
82 220 for beams H (See Fig. 1). The top longitudinal internal steel reinforcement was 412. The web shear 
83 stirrups were 6 mm diameter spaced at 240 mm along the shear span of 1,480 mm from both supports to 
84 the centre of the beam, and 140 mm along the rest of the beam. The same spacing was used for the flange 
85 stirrups of 8 mm diameter. Concrete cover was 20 mm. The external CFRP shear reinforcement was made 
86 by one unidirectional sheet of 0.17 mm thickness in a U-shaped configuration with the fibers at 90º with 
87 the beam axis. Different shear strengthening amounts were applied in each set of beams (see Fig. 2): 
88 a) (0) without external reinforcement; 
89 b) (1) with laminates of 50 mm width at 240 mm (Af=466.6 mm2/m); 
90 c) (2) with laminates 100 mm width at 240 mm (Af=933.3 mm2/m); 
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91 d) (3) continuous laminates (Af=2240 mm2/m).
92 In order to delay a premature debonding failure of the external reinforcement, an anchorage 
93 device system was employed in some of the tests. Two types of anchorages were tested:
94 a) Anchorage device type A consisted of bolts of 10 mm diameter glued at the end of each strip and 
95 a multidirectional CFRP laminate, 3 mm thick, glued under these bolts to avoid any possible 
96 damage in the externally bonded shear reinforcement (Fig. 3). In order to reduce the 
97 accumulation of stresses, some steel plates 4 mm thick were placed on top of the multidirectional 
98 laminate. 
99 b) Anchorage device type B consisted on extending the FRP reinforcement, anchoring it around a 
100 steel plate 4 mm thick. This plate was bonded parallel to the beam axis under the flange. 
101 Additionally, 10 mm diameter bolts were placed in between the CFRP reinforcement (see Fig. 
102 3).
103 The notation of the beams included information about: a) the amount of longitudinal 
104 reinforcement (M or H); b) the amount of FRP shear strengthening (0) (1) (2) or (3); c) the type of 
105 anchorage (-, A or B); d) the number of test (a or b) in case two tests were performed with the same 
106 configuration. For instance, M1-a is a M beam with two layers of 416, with an amount (1) of FRP 
107 reinforcement (sheets of 50 mm width at 240 mm), without anchorage (-) and test number “a”. 
108
109 Fig. 1. Geometry of tested beams.
110 Fig. 2. CFRP externally bonded reinforcement (EBR) amounts for types 1, 2 and 3 respectively.
111 Fig. 3. Anchorage system type A and type B for the CFRP reinforcement.
112
113 2.2. Materials characterization
114 Tests were carried out on the concrete, the steel and the CFRP reinforcement in order to quantify 
115 their mechanical properties. Concrete strength class was C25/30. For all specimens, Table 1 summarizes 
116 the values of relevant mechanical properties, such as, the concrete compressive strength at 28 days 
117 (fcm,28d), the compressive strength (fcm,test), the tensile strength (fctm,test) and the modulus of elasticity at the 
118 day of the failure test (Ecm,test).
119
120 Table 1. Concrete properties of the specimens.
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121
122 Internal steel reinforcement had a nominal yield strength of 500 N/mm2. Tensile tests were 
123 performed for the different bar diameters employed. Results are summarized in Table 2.
124
125 Table 2. Mechanical properties of the longitudinal and transverse steel reinforcement.
126
127 The CFRP laminates were made by hand lay-up using the unidirectional Mbrace fibre and the 
128 epoxy resin (Mbrace fibre saturant) supplied by BASF. According to the manufacturer, the sheet has a 
129 nominal thickness of 0.17 mm, a nominal elastic modulus of 230 GPa, a nominal ultimate strength of 
130 3400 N/mm2, and a ultimate strain of 1.478%. Tensile tests performed in sheet coupons showed a mean 
131 modulus of elasticity of 263 GPa and a mean value of the ultimate tensile strength of 2739 N/mm2.
132
133 2.3. Test set-up and instrumentation
134 Two tests were carried out in each beam with the same span of 3,300 mm, and under a shear 
135 span of 1,480 mm, which corresponds to three times the effective depth. Once the beam failed by one 
136 end, the supports were moved to the other end of the beam using a symmetrical configuration for the next 
137 test, which was performed in the undamaged part of the beam after the first test.
138
139 Fig. 4. Test set-up.
140
141 Strain gauges were placed to obtain the strain of longitudinal steel at different locations, as long 
142 as the strain of the external CFRP and internal transverse steel at different heights (see Fig. 5). Strain 
143 gauges in the longitudinal reinforcement were named DLi, and ELi, being i=1 or 2, 1 if it is in between 
144 the instrumented stirrups 1 and 2, and 2 if it is in between stirrups 2 and 3. Strain gauges in the each 
145 stirrup were named DSAi, DSBi, ESAi, ESBi, being i=1,3 the number of stirrup. Finally three strain 
146 gauges were placed at different heights of the FRP sheets.
147 Displacement transducers were used to measure the displacement at the load application point 




151 Fig. 5. Instrumentation. Displacement transducers and strain gauges.
152
153 3. EXPERIMENTAL RESULTS
154 3.1. Ultimate shear force and failure mode
155 Table 3 shows the concrete properties for each specimen (mean compressive strength at 28 days 
156 fcm,28 and the day of the test, fcm,test), the initiation of the first CFRP sheet debonding (Vdebonding), the shear 
157 force at yielding of the first internal stirrup (Vyield,Ast), the ultimate shear force obtained for each test 
158 (Vu,exp) together with a fictitious ultimate shear force of the corresponding unstrengthened beam     
159 (Vu,unstrengthened), and the percentage of increase of the ultimate shear force of the strengthened beam (V) 
160 The fictitious ultimate shear force of the corresponding unstrengthened beam has been calculated from 
161 the ultimate shear force of the control beam, by multiplying the concrete strength contribution of the 
162 control beam by the ratio between the cubic root of the concrete compressive strengths of the control and 
163 strengthened beams. This fictitious shear force was calculated because all beams were cast in different 
164 batches with mean values of the concrete compressive strength ranging from 38.5 to 49.7 N/mm2 (see 
165 Table 1).
166 As observed for the set of beams with lower longitudinal reinforcement ratio, the percentage of 
167 increase of ultimate shear force in relation to the control beam decreases as the CFRP reinforcement ratio 
168 increases. In addition, the ultimate shear force for beams strengthened with 100 mm width laminates at 
169 240 mm is lower than that of the control beam. The negative strengthening ratio potentially shows that 
170 there is an interaction between the transversal CFRP reinforcement, the transversal steel reinforcement 
171 and the concrete. The existence of the FRP may modify the contribution of the remaining components 
172 (concrete and transversal steel) to the shear strength.
173 For the set of beams with higher longitudinal reinforcement ratio, the percentage of increase of 
174 the ultimate shear force in relation to the control beam is similar for the different FRP shear strengthening 
175 ratios without anchorages. 
176 The employment of an anchorage device helped to increase the ultimate shear force, especially 
177 for those cases with higher amount of CFRP strengthening ratio. For set of beams M1 with CFRP 
178 laminates of 50 mm width at 240 mm, the mean value of the shear force increment increases from 8.2% to 
179 10% at maximum with the employment of an anchorage. For set of beams M2 with CFRP sheets 100 mm 
180 width with the same spacing, the shear force increment increases from a mean value of -12.1% to 13.1% 
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181 at maximum with the anchorage device. For set of beams H2 with the same amount of FRP reinforcement 
182 than set M2, the shear force increment increases from a mean value of 2.8% to a maximum value of 
183 18.8% due to the effect of the anchorage.
184
185 Table 3. Concrete properties, initiation of debonding, ultimate shear force of the fictitious control and 
186 tested beams, and percentage of reinforcement.
187
188 In relation to the failure mode of both sets of beams, the control beams failed in an almost 
189 identical manner, with a critical crack involving two branches. The first branch is an inclined shear crack 
190 in the web and the second branch, less inclined, develops in the flange. Failure occurs with the formation 
191 of the second branch (see Figure 6). The failure shear force indicates a high contribution of the flange to 
192 the shear resistance. 
193
194 Fig. 6. Failure of the control beam: (a) M0 and (b) H0.
195
196 For the strengthened beams, the strips located in the shear span debonded progressively while the 
197 crack in the web increases its width (Fig 7.a). However, after the debonding of the laminates, the load was 
198 increased up to failure which took place after the formation of an inclined crack in the flange. When an 
199 anchorage system was applied, the strip debonding was delayed. Once debonding is initiated, the 
200 anchorage system held the CFRP and failure was observed when the second branch of the critical shear 
201 crack (with an inclination lower than in the web) propagated through the flange as in the remaining beams 
202 (Fig. 7b).
203
204 Fig. 7. Failure of strengthened beams without (a) and with anchorage (b).
205
206 3.2. Shear force vs load point displacement.
207 Figures 8 and 9 show the shear force at the support closed to the load application point vs. 
208 displacement at the load application point for beam set M and H with different CFRP strengthening ratios. 
209 As previously explained, for beam set M, the ultimate shear force of the beam with lower shear 
210 strengthening ratio (50 mm width @240 mm) is higher than the ultimate shear force of the control beam. 
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211 However, the beam with higher shear strengthening ratio (100 mm width @240 mm) showed a ultimate 
212 shear force lower than that of the control beam due to the laminate debonding that leads to a shear failure.
213 The influence of the anchorage system is more significant in the case of higher longitudinal 
214 reinforcement ratio in terms of ultimate shear force and displacement. Due to the premature laminate 
215 debonding, the strengthening system is not effective for the H set if the U-shaped laminates are not 
216 anchored (see Figure 9b). 
217
218 Fig. 8. Shear force vs. displacement for beam set M (lower longitudinal reinforcement ratio) without (a) 
219 and with anchorage (b).
220
221 Fig. 9. Shear force vs. displacement for beam set H (higher longitudinal reinforcement ratio) without (a) 
222 and with anchorage (b).
223
224 3.3. Crack pattern
225 Figure 10 shows the crack pattern of some beams included in set H (control beam H0-b, H1-b, 
226 H2-b, H2A). As observed the critical shear crack has been remarked for all beams. The inclination angle 
227 of the critical shear crack in the web (web) and in the flange (flange) as well as the mean value (mean) is 
228 reported in Table 3. In general, for beams with anchorages an increment of the shear strengthening ratio 
229 implies a more inclined critical shear crack along the web. Beams with an anchored FRP system also 
230 show a more vertical shear crack along the web. Except for beam M1-a, the angle of the shear crack along 
231 the flange ranges between 7.0 and 15.5. Table 3 also shows the inclination angle of the total critical shear 
232 crack, measured between the bottom of the web and the top of the flange. As observed, this value is more 
233 or less similar to the control beams for the strengthened beams without anchorages. However, it increases 
234 when anchorage devices are employed. The effect of the longitudinal reinforcement ratio in the critical 
235 shear crack inclination is not clear enough as shown by the tests results.
236
237 Fig. 10 Crack pattern in the shear span for some beams of set H
238
239 3.4. Strains in the transverse internal reinforcement and the CFRP shear strengthening system
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240 As an example, Figure 11 shows the strain distribution in the internal steel transverse 
241 reinforcement and in the CFRP sheets as a function of the shear force acting on the support for beams H2-
242 b and H2B with the same ratios of steel and CFRP reinforcements, without and with anchorage devices, 
243 respectively. As observed, the anchorage allows to reach higher shear forces and therefore, slightly higher 
244 strains in the stirrups and a better performance of the CFRP sheets shown by their higher strains. These 
245 strain distributions will be the basis for the calculation of the shear strength components of section 3.
246
247 Fig. 11 Strains in the transverse reinforcement for beams H2-b and H2B.
248
249 4. ANALYSIS OF THE EXPERIMENTAL RESULTS
250 4.1. Concrete, transverse steel and CFRP contributions to the shear strength
251 From the strains obtained in the transverse steel reinforcement and in the CFRP system, the mean 
252 level of stresses of the stirrups and strips crossed by the shear critical crack can be obtained by considering 
253 a simplified bilinear constitutive law for internal steel and a linear-elastic stress-strain relationship for 
254 CFRP. The shear force resisted by each type of transverse reinforcement (Vs and Vf) can be obtained by 
255 multiplying the mean level of stresses at each stirrup or CFRP strip by the area of transverse steel 
256 reinforcement or the area of CFRP strip, respectively. Concrete contribution (Vc) to the shear strength was 
257 defined as the mean value of shear force acting on the beam when the strains at the steel stirrups and CFRP 
258 are activated. Finally, the remaining component of the shear strength, that is the difference between the 
259 total shear force and the sum of Vc, Vs and Vf, is assumed to be resisted by the concrete flange and the 
260 internal stirrups in the flange crossed by the critical shear crack (Vflange). Table 4 shows the different 
261 contributions to the shear strength for each specimen at failure. As observed, in beams M1A, H2-a and 
262 H2A, Vc and Vs are much lower in comparison to other tests: this can be explained by a possible error in 
263 the strain gauge registration of the transverse stirrups. For all tests, the transverse steel component at failure 
264 is higher than the FRP component, on one hand due to the higher steel reinforcement ratio and on the other 
265 hand, due to the premature FRP debonding which took place before reaching failure in the case of 
266 unanchored specimens.
267 Both control beams M0-a and M0-b showed a similar behavior. Figure 12a shows the different 
268 shear strength components (Vc, Vs, and Vflange) for beam M0-b for different shear force levels and Figure 
269 12 b shows their percentage in relation to the total shear force acting on the support. The transverse 
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270 reinforcement yielded for a shear force of 177.5 kN for beam M0-a and 172.1 kN for beams M0-b. The 
271 longitudinal reinforcement yielded for a shear force of 290.1 kN just before failure. However, the 
272 percentage of Vs remains almost constant just after the transverse reinforcement yields. As observed, the 
273 contribution of the flange at failure represented almost 50% of the ultimate shear strength.
274
275 Table 4. Contribution of the concrete web, flange, transverse steel and FRP to the ultimate shear force of 
276 the tested beams.
277
278 Fig. 12 Shear strength components for beam M0-b.
279
280 Figures 13 a and c show the contribution of Vs and Vf during all test for beam M1-a (w/o 
281 anchorages) and M1B (with anchorages) with the same amount of external CFRP reinforcement (sheets 
282 of 50 mm width at 240 mm). As observed the contribution of the transverse steel is quite similar in both 
283 cases, but it is quite different for the FRP system. Drops on the FRP shear contribution show the 
284 progressive debonding of the sheets. In addition, a redistribution  As observed for beam M1-a, the shear 
285 force resisted by the FRP increases even after the initiation of debonding, this is because the shear 
286 stresses are increasing in the remaining bonded sheets. This is in accordance with the redistribution of 
287 stresses during different load stages observed by [27]. Figure 13 b and d show the shear resisted by the 
288 concrete web and flange, the shear resisted by the concrete and the transverse steel and the total shear 
289 force. As observed, the CFRP component is higher for the case with anchorages. Figure 14 shows the 
290 shear strength components for beams M1-a and M1B at different load levels and the percentage of each 
291 component in relation to the total shear strength. As observed the CFRP shear strength component 
292 increases significantly for beam M1B with anchorages, in comparison with beam M1-a without 
293 anchorage. However, the transverse stirrup component remains similar after yielding. For beam M1B, the 
294 maximum FRP contribution is obtained at failure, since the CFRP sheets does not debond due to the 
295 effect of the anchorages. For beam M1A, the maximum contribution of the CFRP was before failure at 
296 280 kN, since the sheets debonded locally despite the anchorages. In general, the concrete contribution is 
297 lower for the cases with anchorages.
298
299 Fig. 13 Shear strength components for beams M1-a and M1B.
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300
301 Fig. 14 Shear strength components for beams M1-a and M1B.
302
303 The shear strength components Vs and Vf  are given in Figure 15 a and c for beams M2-b and 
304 M2B, both strengthened with sheets of 100 mm width at 240 mm, without and with anchorages, 
305 respectively. As observed, for beam M2-b, the Vs component increases in a similar manner than for beams 
306 M1-a. However, the Vf  component is higher than for beam M1-a due to the larger amount of CFRP 
307 reinforcement. A significant increase in the Vf component was observed in beam M2B with anchorage 
308 devices. In particular, anchorage type B improved the efficiency of the FRP in a higher percentage 
309 (around 20% of the total shear force) in comparison to anchorage type A (9%). As observed during the 
310 tests, for beam M2A, the debonding of the CFRP sheets is delayed by the anchorage system but not 
311 completely avoided. Figure 15 b and d show the concrete contribution of the web and flange, the sum of 
312 concrete and transverse steel contribution, and the total shear strength. As in the previous case the, the 
313 concrete contribution is slightly lower for the case with anchorages.
314 Figure 16 shows the shear strength component in absolute value and percentage of the total shear 
315 strength at different load levels, for beams M2-b and M2B. For beam M2-b, the Vf  component shows a 
316 maximum value of 15% (higher than the maximum 8% of M1-a). For beam M2B, the percentage of FRP 
317 shear strength component remains almost constant from an acting shear force of 250 kN up to failure, 
318 with a maximum value of 24%, showing the efficiency of the anchorage system.
319
320 Fig. 15 Shear strength components for beams M2-b and M2B.
321
322 Fig. 16 Shear strength components for beams M2-b and M2-B.
323
324 For control beams H0-a H0-b with a higher longitudinal reinforcement ratio, the shear failure 
325 occurred before yielding of the longitudinal reinforcement. For a shear force of 177 kN and 193.6 kN, 
326 first yielding of the transverse reinforcement occurred in beams H0-a and H0-b, respectively. As for 
327 beams M0-a and M0-b, the shear strength resisted by the transverse steel increases faster before yielding 




331 Fig. 17 Shear strength components for control beams H0-a.
332
333 Figure 18 a), c) and e) show the different shear strength components for beams H1-a, H2-b and 
334 H2B. The first one with the lowest CFRP ratio, the second and third with 100 mm width CFRP sheets, 
335 without and with anchorage type B. As observed, the Vs component is quite similar for beam H1-a and 
336 H2-b. Before CFRP debonding, the Vf component of beam H2-b was almost double than for beams H1, 
337 since the CFRP reinforcement ratio was twice the ratio of beam H1. In this case, the maximum 
338 contribution of the CFRP was just before the debonding of the first sheet, then the Vs component 
339 increased significantly since the stirrups were not still yielded. In beam H2B with anchorage devices, the 
340 Vs component is lower than for beams H1-a and H2-b when comparing the same total shear force. The 
341 shear strength resisted by the FRP was similar for beams H2-b and H2B, up to the sheet debonding for 
342 beam H2-b without anchorages. Figure 18 b), d) and f) shows the concrete shear strength considering the 
343 flange strength, the concrete and transverse steel strength together with the total shear force. As observed, 
344 the main resisting component was the concrete strength including the shear resisted by the flange, which 
345 is not considered in the main design formulations.
346
347 Fig. 18 Shear strength components for beams H1-a, H2-b and H2B.
348
349 The FRP shear strength component is significantly higher for beams H3A and H3B where an 
350 anchored continuous reinforcement was employed (see Figure 19). The percentage of Vf in relation to the 
351 total shear force increases up to 43% in this case, being this component higher than the transverse steel 
352 reinforcement shear strength component, Vs, which was similar to previous cases.
353 When comparing the performance of both anchorages types, it is not clear enough which shows 
354 better behavior A or B. In general, the Vf component is higher for anchorage type B. However, for the 
355 continuous CFRP sheets, Vf  is higher in absolute value and percentage for anchorage type A.
356
357 Fig. 19 Shear strength components for beams H3A and H3B for different load levels.
358
359 5. COMPARISON OF EXPERIMENTAL RESULTS TO ANALYTICAL PREDICTIONS 
13
360 This section compares the experimental results for the FRP shear strength contribution to the 
361 predictions given by the existing guidelines (ACI440.2R-17 [5], CNR-DT-200/2004 [4], Concrete Society 
362 TR-55 [28], fib Bulletin 14 [2], DAfStb Heft 595 [3]). Column 2 and 3 of Table 5 show the FRP shear 
363 strength contribution at failure and the maximum FRP contribution, respectively. Both values have been 
364 calculated from the strain gauges registration. As observed for all beams with anchorages, except for beams 
365 M2A and H2B, the maximum FRP contribution was equal or almost equal to the FRP contribution at failure. 
366 Column 4 shows the FRP contribution to the shear strength calculated as the difference between the ultimate 
367 shear force and the ultimate shear force of the control beam, without considering a possible interaction 
368 between FRP and transverse steel. This is the only way to calculate the FRP contribution for an existing 
369 experimental program when each component is unknown. As observed, this last value is quite different to 
370 the values obtained in columns 2 and 3. Columns 5 to 9 give the FRP shear strength contribution according 
371 different existing guidelines and, in brackets, the ratio between the maximum experimental FRP 
372 contribution and the analytical predictions. The prediction for beams with anchorages were obtained 
373 assuming a wrapping configuration, since the sheets do not debond as in the U-shaped configuration. In 
374 addition, the experimental value of the angle of the struts inclination was assumed in the theoretical 
375 calculations when this value is not directly assumed by the guidelines (ACI-440.2R-17 [5] and the TR-55 
376 [28] assume a 45 degree angle for the inclination of struts). The analytical FRP shear strength contribution 
377 according to fib Bulletin 14 [2] is very unconservative fot these tests. The ACI-440.2R-17 [5] and the TR-
378 55 [28] gave the same analytical predictions. In general, analytical predictions of Vf are unconservative and 
379 with a huge dispersion for specimens without anchorages for all guidelines, and are very conservative for 
380 specimens with anchorages when analyzing ACI-440.2R-17[5], TR-55 [28] and DafStB [3].
381
382 Table 5. Comparison of the experimental to the analytical predictions
383
384 6. CONCLUSIONS
385 This paper presents an experimental program of T-beams externally strengthened in shear by 
386 CFRP sheets in a discontinuous or continuous U-shaped configuration with different ratios of CFRP with 
387 and without anchorages, and with  two longitudinal reinforcement ratios. The following conclusions can be 
388 drawn from this experimental work:
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389 1) In beams with T-shaped section, the contribution of the flange to the shear strength, which is 
390 not considered for design purposes, is quite relevant, since it represents in some cases 45% of 
391 the total shear strength. 
392 2) The FRP sheets are not effective if they are not anchored, since a premature debonding takes 
393 place, as observed in all such cases. The existence of anchorages at the end of the FRP sheets 
394 delays or avoids debonding, showing a better performance.
395 3) In particular, the ultimate shear force of Beams M2-a and M2-b (strengthened in shear by 100 
396 mm width FRP sheets at 240 mm), was lower than that of the corresponding control beam, 
397 showing the interaction of the shear resisting mechanisms. In addition, Vs do not follow the 
398 same trend for beams M1-a and M1-b.
399 4) The FRP strengthening system modifies the strut orientation affecting the contribution of the 
400 transverse steel reinforcement. In the case of beams without anchorages, where a premature 
401 sheet debonding was observed, the modification of strut orientation might be the reason of a 
402 lower ultimate shear force for some strengthened beams in comparison to the control beam. 
403 5) Once the FRP sheets debond, if the transverse steel has not yielded, the beam can increase its 
404 shear strength capacity, because the further increment of shear force is carried out by the 
405 internal stirrups. But if the stirrups are already yielded, a shear failure occurs just after the 
406 FRP debonding.
407 6) The different shear strength components have been obtained for all beams. As observed, the 
408 Vf component is much higher for beams with anchorages. The Vs component is quite similar 
409 for beams M and H.
410 7) A huge dispersion is observed when applying the different existing formulations to predict the 
411 FRP contribution to the experimental program. It is not clear enough if the guidelines predict 
412 the maximum FRP contribution or the FRP contribution at failure.
413
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M0-a 11/06/28 11/09/29 32.9 40.2 3.7 31632
M0-b 11/06/28 11/10/04 32.9 40.2 3.7 31632
M1-a 11/06/30 11/10/21 37.4 42.8 3.6 33609
M1-b 11/06/30 11/11/03 37.4 42.8 3.6 33609
M2-a 11/06/29 11/11/08 33.2 39.8 3.3 30162
M2-b 11/06/29 11/11/10 33.2 39.8 3.3 30162
M1A 11/06/28 11/04/26 32.9 39.0 3.7 31632
M1B 11/06/29 12/09/17 33.2 38.5 3.3 30861
M2A 11/06/28 12/05/07 32.9 39.0 3.7 31632
M2B 11/06/29 12/07/26 33.2 38.5 3.3 30861
H0-a 11/07/01 11/09/20 38.4 42.6 3.8 33060
H0-b 11/07/01 11/09/27 38.4 42.6 3.8 33060
H1-a 11/06/30 12/01/27 37.4 44.4 3.6 34857
H1-b 11/06/27 12/05/18 41.2 49.7 4.6 27004
H2-a 11/06/30 12/01/23 37.4 44.4 3.6 34857
H2-b 11/06/27 12/05/30 41.2 49.7 4.6 27004
H2A 11/07/01 12/07/11 38.4 44.7 3.8 33060
H2B 11/06/27 12/09/21 41.2 49.6 4.6 36913
H3A 11/07/01 12/07/18 38.4 44.7 3.8 33060
H3B 11/06/27 12/09/27 41.2 49.6 4.6 36913
2
1







6 645.73 767.91 0.1444 0.0034 189956
8 642.26 765.65 0.1316 0.0069 204750
12 590.40 690.45 0.1680 0.0043 219270
16 572.24 685.27 0.1357 0.0029 196121
20 603.65 652.48 0.1262 0.0034 175084
2
1
1 Table 3. Concrete properties, initiation of debonding, ultimate shear force of the fictitious control and 











Vu,exp      
(kN)








M0-a 32.9 40.2 - 177.5 299.9 299.9 - 27.5 9.0 24.5
M0-b 32.9 40.2 - 172.1 309.6 309.6 - 37.5 10.5 28.0
M1-a 37.4 42.8 (*) 206.2 309.4 349.4 11.5% 39.0 21.0 23.0
M1-b 37.4 42.8 261.4 176.1 309.0 324.7 4.9% 32.5 10.0 26.5
M2-a 33.2 39.8 215.2 168.9 304.2 284.9 -6.8% 28.0 9.5 23.5
M2-b 33.2 39.8 154.0 198.4 304.2 259.1 -17.4% 29.0 8.5 22.5
M1A 32.9 39.0 - 318.1 302.3 335.8 10.0% 47.5 9.0 27.0
M1B 33.2 38.5 - 188.3 301.6 328.1 8.1% 39.0 7.5 25.5
M2A 32.9 39.0 - 206.3 302.6 348.0 13.1% 38.0 8.0 26.5
M2B 33.2 38.5 - 237.4 301.4 325.0 7.3% 44.5 7.5 29.0
H0-a 38.4 42.6 - 177.1 326.6 326.6 - 29.0 7.0 23.5
H0-b 38.4 42.6 - 193.6 319.7 319.7 - 28.0 9.5 23.5
H1-a 37.4 44.4 238.3 211.1 325.7 333.8 2.4% 26.0 8.0 22.5
H1-b 41.2 49.7 286.8 204.6 334.7 335.8 0.3% 33.0 8.5 25.5
H2-a 37.4 44.4 (*) 262.1 325.9 338.1 3.6% 28.0 8.5 22.5
H2-b 41.2 49.7 289.0 235.5 333.5 340.4 2.0% 28.0 13.5 26.0
H2A 38.4 44.7 - 292.2 327.1 402.9 18.8% 30.5 12.5 30.5
H2B 41.2 49.6 - 244.8 334.0 401.6 16.9% 44.0 7.5 24.0
H3A 38.4 44.7 - 292.2 327.1 382.2 16.8% 39.5 15.5 29.0
H3B 41.2 49.6 - 301.6 334.0 408.6 22.3% - - -
3 (*) not recorded
1
1 Table 4. Contribution of the concrete web, flange, transverse steel and FRP to the ultimate shear force of 
2 the tested beams.




(%) Vs                  
(kN)
(%) Vf           
(kN)
(%) Vu,exp      
(kN)
M0-a 53.9 18.0 146.6 48.9 99.4 33.1 - - 299.9
M0-b 72.0 23.3 136.3 44.0 101.2 32.8 - - 309.6
M1-a 71.6 20.5 166.8 47.7 104.9 30.0 6.1 1.7 349.4
M1-b 76.3 23.5 129.2 42.3 110.0 32.3 9.2 1.9 324.7
M2-a 70.3 24.7 104.3 36.6 96.2 33.8 14.1 4.9 284.9
M2-b 74.6 28.8 81.2 31.3 86.2 33.3 17.1 6.6 259.1
M1A 17.8 5.3 217.6 64.8 71.5 21.3 29.0 8.7 335.8
M1B 71.5 21.8 80.8 24.6 110.0 33.5 65.8 20.1 328.1
M2A 88.1 25.3 140.6 40.5 91.1 26.2 28.0 8.0 348.0
M2B 72.9 22.4 74.9 23.0 101.2 31.2 76.0 23.4 325.0
H0-a 69.5 21.3 155.6 47.6 101.5 31.1 - - 326.6
H0-b 53.3 16.7 167.1 52.3 110.1 34.4 - - 319.7
H1-a 97.3 29.2 144.0 43.1 89.8 26.9 2.6 0.8 333.8
H1-b 87.1 25.9 148.3 44.2 94.8 28.2 5.6 1.7 335.8
H2-a 28.2 8.3 235.0 69.5 57.4 17.0 17.4 5.2 338.1
H2-b 75.9 22.3 142.0 41.7 102.9 30.2 19.6 5.8 340.4
H2A 18.2 4.5 226.7 56.3 80.4 20.0 77.5 19.2 402.9
H2B 75.3 18.8 171.7 42.7 98.0 24.4 56.7 14.1 401.6
H3A 78.3 20.5 59.4 15.5 83.4 21.8 161.1 42.2 382.2
H3B 87.5 22.1 110.0 22.3 87.7 22.6 123.4 32.9 408.6
3
1
1 Table 5. Comparison of the experimental to the analytical predictions




Vf ,max          
(kN)




Vf           
(kN)
fib14 










Vf           
(kN)
TR-55
Vf           (kN)
DafStB
(1) (2) (3) (4) (5) (6) (7) (8) (9)






















































































































































H3B 123.4 123.4 74.7 356.4 
(0.35)
107.6 
(1.15)
244.2 
(0.51)
107.6 
(1.15)
104.4 
(1.18)
2
